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PART I

INTRODUCTION

This report is divided into three sections. The first is
concerned with the investigation of the effect of pulsed loading
on fuel cell operation. In this section is discussed the devel-
opment of a working pulse loading device and the preliminary
performance data of a fuel cell subjected to pulse loading. It
was anticipated and later experimentally verified that pulsed
loading would effect improvement in cell performance only if the
average pulsed current were such that if the cell were operated
at this current under steady load, concentration polarization
would be the 1limiting factor in cell performance. Average pulsed
current is defined as (current during fraction of cycle in which
cell is loaded) x (fraction of cycle in which cell is loaded).
For example, in order to realize an average current of 5 amp at
12% duty cycle, the current during the fraction of the cycle in
which the cell is loaded must be L1.5 amp since L1.5 amp x 0.12 =
5 amp.

It must be realized, too, that a significant improvement in
performance will be seen only if the IR drop due to the internal
resistance of the cell is not too great. It might be said that,
in general, improvement will be noted only if the knee of the
potential-current curve under steady load occurs above 0.6 volt.

Inherent in the pulse loading system employed is a heavy
anodic pulse of very short duration which occurs at the end of
each duty cycle. This results in a secondary beneficial effect;
investigation by Union Carbide Corporation (NASA Contract NAS3-
6L60) has demonstrated that a significant improvement in fuel cell
operation can be achieved by heavy intermittent pulsing of a fuel
cell, apparently resulting from catalyst activation.

The second portion of this report is a paper delivered in
Brussels, Belgium, in June 1965, at a conference entitled "Journees
International D'Etude des Piles Combustible". This paper is a
compilation of the work done in this laboratory on the application
of galvanostatic techniques to fuel cell electrode study; the title
of the paper is "Application of Galvanostatic Studies to Fuel Cell
Electrodes".

The third section is a Master's thesis by M. L. Soeder on
the investigation by means of galvanostatic charging curves of the
occlusion of hydrogen and of surface oxide formation in a series of
palladium-gold alloys.



PULSE LOADING

EXPERIMENTAL

In order to investigate fuel cell performance under pulsed
load, it was necessary first to develop a device suitable for
switching the large currents developed by a fuel cell, Mechanical
switches were eliminated because of their many limitations. These
cannot be operated at frequencies much above 100 ¢/s and are not
dependable because of contact bounce and contact burning at high
currents. The silicon controlled rectifier, however, showed great
promise and many circuits were designed which employed SCR's as the
switching element. At least ten of the circuits designed failed
due to one or both of the following reasons. Either there was not
sufficient voltage available from the output of the inverter to
turn off the SCR once it had reached the conduction state or, in
the case where a transformer was added to give sufficient voltage
the transformer saturated, created a large impedance in the load
circuit, distorted the wave form and made it impossible to operate
at high frequencies.

The latest circuit developed employs a transformer operating
under non-saturating conditions. The circult diagram is given in
Figure 1. SCR; is fired by means of a pulse transformer at time t;.
The current surge through the primary of the transformer creates a
large voltage across the secondary which charges capacitor C,; through
Dy. The diode prevents the capacitor from discharging after it has
charged to its peaks voltage. At time tz, SCRs is fired applying
the capacitor voltage across Ry. This reverse bias turns off
SCR1 and when C1 has discharged, SCR> turns off automatically.

This circuit, however, operates satisfactorily over only a
very narrow range of frequencies and loads probably due to poor
design in the transformer. New transformers are now being tested
since these are fundamental to the inverter circuit.

In order to make a more versatile unit necessary for funda-
mental cell studies, a power supply was substituted for the trans-
former and Ci was replaced with a variable capacitance. This
auxiliary power supply produced the parasitic power which would
otherwise be derived from the output of the inverter transformer.
The result of this change is shown in the circuit diagram given in
Figure 2. In this system, both SCR, and SCR; are fired at t,, thus
loading the fuel cell and charging Cz. SCRa turns off automatically
when Cz reaches peak voltage. As before, SCR; is fired at time t,
applying the voltage across C; to SCR; thus effecting turnoff of
SCR1. SCHz turns off automatically when C; is discharged.
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Circuit diagram of pulse loading system.
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Circuit diagram of pulse loading system
used for actual measurement.




A Parabam®™ pulse generator supplied the turn on pulse for
the SCR's and also determines frequency and duty cycle.

The hydrogen-oxygen fuel cell studies employed a 30% potassium
hydroxide electrolyte held in a 1/16-inch asbestos matrix. Both the
potassium hydroxide and the asbestos were "carbonate free". The
electrode material (Clevite nickel No. 3), obtained from Clevite
Corporation, consisted of a nickel wire mesh covered with porous
sintered nickel. This material was subjected to ultrasonic agita-
tion in a 2% platinum-2% palladium chloride solution; a solution
of the same composition was then employed to electrolytically co-
deposit the platinum-palladium black as the catalyst. The electrodes,
each of geometric area 3 in®, were placed in a holder made of machined
nickel sheet. The holder was designed so that the gases passed
across the back of each electrode via a honeycomb of gas channels.

The hydrogen and oxygen pressures were both 10 psi and the cells
were operated at room temperature.

To measure the average potential of the cell under pulsed
load, a Varian 10 millivolt recorder was connected across the cell
by means of a potential divider. Since the response time of the
recorder was much greater than the time of one cycle, an average
potential was registered on the chart paper.

To be certain that this was the true average potential,
oscilloscope photographs were taken of the cell potential when
the cell had reached equilibrium under pulsed loading conditions.
The area under the potential-time curve was found using a K and E
compensating polar planimeter and the average potential was calcula-
ted from this area. This procedure was employed for several dif-
ferent percent duty cycles and for several different average cell
currents, and in each case the potential recorded on the chart
paper and the averaged potential calculated by the integration
method were within the limits of accuracy of the latter method.

Average current under pulsed load was measured using a D.C.
ammeter. Again, since the response time of the meter was much
greater than the time of one cycle, the ammeter registered an
average current. This average was checked by methods similar to
those described above, i.e., by photographing oscilloscope traces
of the potential across the load resistor, graphically integrating
the area under these traces, and calculating the average current
from this area knowing the value of the load resistor. Again,
agreement was obtained which was within the limits of accuracy of
the integration method.

*Model P1A, Parabam, Inc., Hawthorne, California.



RESULTS

Four cells were arranged in series in the pulse loading
system as shown in Figure 2. The poorest of the cells were
chosen for study since smaller currents were required to bring
the cells into the region of concentration polarization. A
voltage-current curve for one cell is given in Figure 3. The
open circuit potential of this cell was 1.015 volt. This open
circuit potential was characteristic of all the cells which were
tested.

The cell was allowed to come to equilibrium potential under
steady load, and then the pulsing circuit was activated and the
cell allowed to equilibrate at the same average current. No change
in potential under pulsed loading was observed until the currents
reached the region where concentration polarization began to take
effect. In this region a significant increase in performance was
noted.

The cell reached an equilibrium potential of 0.3L0 volt
under a steady L.5 amp load. The results of pulsing at a 37.5 amp,
1000 c¢/s, 12% duty cycle (an average current of L.5 amp) are shown
in Figure L. From a potential of 0.3L0 volt under steady load,
the potential of the cell rose to 0.L425 volt.

Equilibrium potential for the same cell under a 5 amp
steady load was 0.075 volt. Pulsing the cell at L1.5 amp, 1000 c/s,
12% duty cycle (an average current of 5 amp) resulted in a potential
of 0.300 volt. This behavior is shown in Figure 5.

Attempts were made to observe any increase at other frequen-
cies and duty cycles. Changing duty cycle or frequency, however,
necessitated changing the value of C,, the voltage of the power
supply, and the resistance of the load if the same average current
was to be maintained. An attempt to change these three nearly
always resulted in instability of the system since they could not
be changed simultaneously. Because of the instability, SCR;
remained on or off and the cell decayed or recovered rapidly. When
stability was regained at the new duty cycle or frequency, the cell
often would not return to the same potential at the average current
selected. Efforts are now being made to correct this situation so
that the parameters, duty cycle and frequency can be studied.

Oscilloscope photographs of cell potential during pulsing
were taken while the cell was subjected to a 5 amp average current.
The pulse which turns off SCR; can be seen on reproductions of

each of these photographs (Figure 6). The width of this pulse
is 20p sec.
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Figure 3. Voltage-current curve for cell.
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Cell voltage ripple (0.03 volt/division)
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Figure 6. Voltage ripple for cell at various freguencies
for average current of 5 amp.
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PART IT

APPLICATION OF GALVANOSTATIC STUDIES TO FUEL CELL ELECTRODES
ABSTRACT

Galvanostatic curves reflect the presence of adsorbed or
chemically combined species at an electrode surface, the nature
and detailed characteristics of the electrical double layer, and
an exact thermodynamic description of the condition at the elec-
trode at all times. Application of this technique to fuel cell
electrodes has facilitated the study of catalytic treatment and
permitted the optimizing of electrode treatment as well as pro-
viding a rapid technique for qualitative screening of electrodes
before introduction into a working fuel cell.

On the fundamental side, a detailed study of the palladium-
gold system has emphasized the importance of unpaired d-electrons ;
in the catalyst, and a study of the platinum-palladium system has
facilitated the development of an optimum performance electrode
while simultaneously providing an explanation for its efficiency

in a practical fuel cell.

1L



INTRODUCTION

Most of the available electrochemical data on operational cells
relates to steady state conditions. Even under these conditions, the
steady state (non-equilibrium) thermodynamic considerations are imper-
fectly understood and the condition of the electrodes ill defined.
Since the majority of fuel cells are required to operate into varying
and often pulsed load, typically a solid state inverter, it is impera-
tive to examine the electrochemical characteristics of fuel cells
under these conditions. To effect such a study two approaches possess
particular merit: the direct characterization of fuel cells under
pulsed loading conditions considering each electrode simultaneously
but separately against a standard reference electrode and the appli-
cation of galvanostatic techniques either in a working cell or a
simulated system. The former approach yields data of direct applica-
tional importance but cannot resolve the more complex details whereas
the latter technique, now to be described, leads to more fundamental
data and to a better understanding of the inherent electrochemical
features of cells under operational conditions.

The galvanostatic technique is well known and is excellently
described in numerous standard textsls2 and will not be reviewed at
this juncture. This investigation is divided between the application
of galvanostatic techniques to operational fuel cell electrodes and
to the separate investigation of the fundamental aspects of fuel cell
electrode catalysts.

I. INVESTIGATION OF OPERATIONAL FUEL ELECTRODES

EXPERIMENTAL

Since this study relates to the application of the galvano-
static technique to fuel cell electrodes, it was imperative to
establish experimental procedures that yleld highly reproducible
results. For this reason, a single substrate of uniform porosity
sintered nickel has been selected. It is not inferred that this
is the optimum substrate but it has been separately established
that the technique yields data which are especially applicable to
other types of electrodes. On this same basis, no attempt has been
made to optimize performance or to investigate variations in elec-
trolyte, operating conditions or cell geometry.

The electrode material consisted of a nickel wire mesh
covered with porous sintered nickel. Electrolytically deposited
platinum black, palladium black, and a co-deposit of the two were
employed as catalysts. The concentration of impregnation solu-
tions, the method of impregnation and the time of platinizing or
palladizing were parameters which were studied.

15



The sintered nickel electrodes were washed in distilled water
in an ultrasonic bath and were then impregnated in the bath with
solutions of platinum chloride, palladium chloride or both. Electro-
lytic reduction was effected with a plating current of L5 ma/bm for
various periods of time in a solution of the desired catalyst salt
or salts which contained 0.1% lead acetate. The platinized, palla-
dized or co-deposited electrodes were very thoroughly rinsed with
distilled water before the galvanostatic measurements were made.

The electrolyte (30% potassium hydroxide, carbonate free) was heated
to boiling to remove dissolved oxygen and cooled under dry nitrogen.

To supply the constant current necessary for galvanostatic
work, the constant current generator shown in Figure 7a was developed.
This generator is a hybrid circuit composed of three general sections,
a 300-volt power supply, a reference power supply, and a current set
configuration. A simplified diagram of the three sections is given
in Figure 7b. The series combination of tube and transistor provides
high gain resolution over a wider range of compliance voltages than
would be possible with the transistor alone and has better regulation
than could be obtained from the tube alone over the range of 10 pa
to 100 ma.

Transistor Q; holds the voltage across the current setting
Varley Potentiometer to a value approximately equal to the tempera-
ture compensated Zener diode reference source of 6.3 volts and
determines the magnitude of the emitter current. Since a for trans-
istor @1 is essentially unity, its collector current and the current
through the cathode of tube Vi are equal to the emitter current.

The collector voltage of Qi automatically adjusts to provide the
necessary bias for the grid of V; depending on the plate voltage
supplied by the 300-volt power source as affected by the load.

In preparation for galvanostatic measurements, the electrode
under study was immersed in a freshly prepared electrolyte solution
and the constant current generator was connected between this elec-
trode and a platinum gauze counter electrode. A known current was
passed through the thermostated cell which contained these electrodes.
The potential between the electrode under study and a mercury-mercury
oxide (30% potassium hydroxide) reference electrode was followed by
means of a potential divider and a recorder.

The electrode was cathodically polarized to hydrogen evolu-
tion and the direction of current flow was reversed to observe the
anodic charging curve. Three definite regicns on the anodic
potential-time curve were noted as the potential of the electrode
increased to oxygen evolution. These were: (a) region in which
hydrogen is present on the swface; (b) region of electrical double-
layer charging; and (c) regton in which oxides or chemisorbed oxygen
is present on the surface. 3

16
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The time required to discharge the sorbed hydrogen was
especially noted along with the slope of the double-layer region.
The capacitance of the electrical double-layer, AQ/AV, can be
related to the active electrochemical surface area of the elec-
trode.3s

RESULTS

The sintered nickel and platinized sintered nickel elec-
trodes were the first to be studied galvanostatically. Curve I
in Figure 8 was obtained using a sintered nickel electrode with
a geometric area of 2 ¢m®, Platinization of this electrode for
S minutes at L5 ma/em® in a L% chloroplatinic acid solution approx-
imately doubled the capacitance of the double-layer region and
effected a chemisorption of hydrogen on the electrode; this behavior
is shown in Curve II. Curve IIT was obtained using an electrode
" which had been placed in an ultrasonic bath for 5 minutes in a L%
chloroplatinic acid solution prior to platinization. This treatment
greatly increased the double-layer capacitance and the amount of
chemisorbed hydrogen. Further platinization for 10, 15, and 20
minutes showed that there was little change in the amount of hydro-
gen chemisorbed on the surface or in the capacitance of the double
layer. Calculations of the amount of chemisorbed hydrogen and the
capacitance of the double layer based on Figure 8 are given in
Table I.

Table I
Atoms of H Calculated Capacitance
Electrode on Surface of Double-Layer (Farads)
Ni 0.050
Ni, platinized for
5 minutes 1.25 x 10'° 0.175
Ni, impregnated with
PtCl, then platinized
for 5 minutes L.5 x 108 1.200
10 minutes L.78 x 1018 1.125
15 minutes L.5 x 108 0.965
20 minutes L.87 x 1018 1.080

Surface areas were calculated from the capacitance of the
double-layer using a rough conversion factor of 1 cm® = 150 pF
capacitance (a value given for shiny platinum3). Surface areas
were also calculated from the amount of hydrogen on the surface

20



assuming a 1:1, H:Pt ratio and a surface area of 7.6 x 107'% cn /Pt
atom on the (1, O, 0) crystal plane. Table II compares the two cal-
culated surface areas.

Table IT
Surface Area Surface Area by Capacitance
Electrode by H on Surface of the Double-Layer

Ni, platinized for

5 minutes 900 cm?
Ni, impregnated with PtCl,,

then platinized for

5 minutes 3420 e 7500 cm®
10 minutes 3700 cm® 6860 cm®
15 minutes 3420 cm? 5360 cm?
20 minutes 3700 cm® 6000 cm®

A surface area of 0.2 m®/g was measured for the sintered nickel
electrode by nitrogen adsorption using the continuous flow method.>
By weighing the electrodes employed in the galvanostatic measurements
and calculating a total surface area from the above figure, a value
of LOO cm® was obtained. If the relation between surface area and
double-layer capacitance of nickel is about 1 cm® = 30 pF, a surface
area of 900 crf? is calculated, which is a little more than double
the B.E.T. area.

Assuming that the double-layer capacitance is an approximate
measure of the surface area, it can be seen that platinization for
five minutes does not significantly increase the active surface area
of the electrode (Table II). After the platinum chloride solution
was impregnated into the pores of the nickel electrode ultrasonically,
however, platinization rapidly increased the surface area which then
leveled off as a function of time in the ultrasonic bath. The reasons
for the discrepancies between the results of the two methods of cal-
culation can possibly be attributed to three factors:

1. The surface area of the electrode would appear to be
higher than calculated from hydrogen adsorbed on the
surface if the surface hydrogen-platinum ratio were
less than 1:1.

2. If the removal of the chemisorbed hydrogen on the
surface extended into the double-layer region, the
effect would produce a higher AQ/AV ratio and, hence,
a higher apparent capacitance of the electrical
double layer. The surface area would then appear
to be higher than it actually is.

21



3. The value for the double-layer capacitance as a
function of actual surface area is greater than
assumed. This, in fact, has been substantiated
by determining the specific capacitance against
current density.

Extensive studies were performed on the effect of platiniza-
tion time and time of impregnation in the ultrasonic bath on double-
layer capacitance. For these studies, a new nickel electrode was
employed for each run.

Figure 9 shows the effect of time in the ultrasonic bath on
capacitance of the double layer. Each of the electrodes was platin-
ized for one minute. One minute in the ultrasonic bath significantly
increased the capacitance, but not in proportion to the time and
electricity expended. After five to ten minutes treatment, excessive
agitation in the ultrasonic bath resulted in physical deterioration
of the electrodes. For this reason, shorter impregnation times are
preferable.

Figure 10 shows the effect of platinization time on the
capacitance of the double layer. Each electrode in this series
was impregnated in the ultrasonic bath for two minutes prior to
platinization. Increasing the platinization time above one minute
had very little effect on the capacitance of the electrical double
layer. Similar behavior was observed on electrodes for replatiniza-
tion times up to twenty minutes.

In summary, impregnation time in the ultrasonic bath had a
considerable effect on the surface area of a platinum-palladium
catalyst, but after five minutes led to deterioration of the nickel
electrode. Platinization time, after one minute, had little effect.
Maximum effective catalyst area, therefore, appears to be obtained
at the indicated platinization current densities, when the impregna-
tion time is in the vicinity of four to five minutes and platiniza-
tion time is about one minute.

Galvanostatic studies were performed on the following electrodes:

1. Standard sintered nickel.
2. 1%:L44¢ Pd:Pt co-deposit.
3, 2%:4%  Pa:Pt co-deposit.
Lb. 3%:L"  P3d:Pt co-deposit.

5. L%:47 Pd:Pt co-deposit.
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Figure 9. Double-Layer Capacitance vs Impregnation Time

Platinization time: 1 min.
Electrolyte - 30" KOH.
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Capacitance of Double-Layer, Farads.

Figure 10. Double-Layer Capacitance vs Platinization Time

Ultrasonic bath time: 2 min.
Electrolyte: 30% KOH.
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These studies were performed at 25°C with a polarizing density
of 10 ma/cme.

Results of the galvanostatic anodic charging curves are
shown in Figure 11. AC represents the hydrogen-ionization steps
in all three cases. In Curves 1 and 2, the change in potential
with quantity of electricity passed is virtually the same. Steps
AB, which represent the hydrogen on the surface which will support
a high potential, are also equivalent. On Curve 3, however, it is
seen that step AB is extended to more than twice the length that it
is on Curves 1 and 2. The hydrogen ionization step appears to sup-
port a higher potential on Curve 3 for the passage of a larger
quantity of electricity. No significant difference in the double-
layer capacitances was evident, but the overall amount of hydrogen
participating in the hydrogen-ionization step increased with the
palladium content of the platinizing-palladizing solution at these
concentrations.

Galvanostatic studies on platinum-palladium alloy wires show
results similar to those obtained on the co-deposits. The anodic
discharge steps for hydrogen chemisorbed on the surface and adsorbed
in these alloys are extended considerably over those found for a
platinum electrode. The 507 platinum-50% palladium alloy will
anodically discharge about LOO times as much hydrogen as platinum
with less than 0.1 volt polarization at low current densities.

Discharge curves for the hydrogen electrode in a fuel cell
(Figure 12) show clearly the superiority of the platinum-palladium
co-deposited catalyst over platinum. The galvanostatic results
above corroborate these data. Considerably more hydrogen is avail-
able for discharge at low polarization in the co-deposits.

IT. GALVANOSTATIC INVESTIGATION OF PALLADIUM~GOLD ALLOYS

In order better to understand the absorption of hydrogen on
palladium, galvanostatic studies were then performed on a series of
palladium-gold alloys. Several authors s6 have observed a three-
stage process in the anodic charging curves occurring at the surface
of a palladium electrode which had previously been subjected to
hydrogen evolution. The first stage is an irregular change in
potential which occurs during the ionization of hydrogen at the
surface; the second is a linear change in potential which represents
the charging of the electrical double layer; the third is the
potential change which represents the formation of oxides or
hydroxides at the suwrface which occurs before oxygen evolution.
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On gold surfaces7’8’9 only the latter two of the above
three stages are observed. No hydrogen ionization is detected
indicating that no chemisorption of hydrogen has taken place.

worklo’ll on the chemisorption of hydrogen and on
p-hydrogen conversion has shown the importance of the electronic
structure of the metal. In view of these results, investigation
commenced with a study of the relationship between electronic
structure and the charging curves for a series of palladium-gold
alloys.

EXPERTMENTAL PROCEDURES

A series of high-purity annealed alloy wires were obtained
with the following compositions of gold by weight: 20%, Lo, 60%,
75% and 80%. Seventy-five percent gold corresponds to a 62:38 gold:
palladium atomic ratio. The 60:40 gold:palladium ratio is the com-
position at which the d-band of the alloy is filled and where, in
p-hydrogen conversion reactions,11 a rapid increase in activation
energy is found to occur. The alloys were investigated in deoxy-
genated 1N sulfuric acid electrolyte using the galvanostatic
apparatus in the previous section.

RESULTS

A preliminary summary of these results has been published
by Gray et al.12 The results for palladium and gold correspond
closely to those previously reported »657,8,9 and is illustrated
in Figure 13. With palladium, a hydrogen ionization step is
observed following cathodic polarization at hydrogen evolution,
the length of the step depending on the time spent at hydrogen
evolution., With gold, the hydrogen ionization step is absent or,
in a very few cases where hydrogen evolution is maintained for long
periods of time, is very small.

Alloys richer than 60 atomic percent gold show no detectable
hydrogen on the surface and behave much like gold. Alloys with
less than 60 atomic percent gold show an appreciable hydrogen ioni-
zation step indicating that much hydrogen has been sorbed; these
alloys behave much like palladium. It would appear, then, that the
change in affinity of these alloys for palladium occurs at about
the alloy composition where the d-band is just filled, i.e.,
unpaired d-electrons seem to be necessary for the chemisorption of
any appreciable quantity of hydrogen.

A very important effect has been noted in the galvanostatic
investigation of platinum-palladium and palladium-gold alloys. For
palladium and the alloys which normally chemisorb and absorb hydro-
gen, no hydrogen can be detected by anodic charging curves until
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the potential of the first surface oxide is exceeded and the elec-
trode recycled through cathodic and then anodic charging. 1In

Figure 1li, it can be seen that no hydrogen discharge step is present
as long as the first oxide is not present. As soon as the charging
curves indicate that the oxide formation is complete for the parti-
cular polarizing current employed, and the electrode recycled, hydro-
gen appears to be chemisorbed and absorbed by the alloy. Results of
previous Investigators have indicated the necessity of extensive
anodic polarization to activate surfaces toward hydrogen chemisorp-
tion.13s In some cases, the gresence of an initial passivating
film of hydrogen is theorized.13 The results of this research
support these views but further indicate that it is necessary only
to exceed the potential of the first oxide layer to produce hydrogen
on the surface and in the bulk which will support an electrochemical

hyergen ionization step. The above results will be applied to
platinum-palladium catalyzed hydrogen electrodes in fuel cells.

Further investigations on the nature of hydrogen ionization
on platinum-palladium and palladium-gold alloys are being undertaken
by measuring the change in resistance of the alloys as the potential
is changed from that of hydrogen evolution to that of oxygen evolu-
tion. Initial results on palladium are similar to those reported in
the literature.13s1L,15 Work is continuing on the alloys. When
pure gold was used as the electrode, no resistance change was noted
indicating that no hydrogen had diffused into the bulk of the gold.
An alloy of LO% platinum—éo% palladium showed a 1% change in resis-
tance while an alloy of 80% gold—ZO% palladium showed a 5% change.

CONCLUSIONS

From these data it is clear that valuable information can be
derived regarding the detailed operation of fuel cell electrodes in
active cells and separately that the individual electrodes can be
studied to optimize the catalyst. It is considered probable that
this technique may also find useful application in a wide variety
of studies to determine the nature of hydrocarbon electrode processes,
electrolyte polarization in the vicinity of each electrode separately
but simultaneously, and the effect of geometric consideration, pore
size and pore size distribution.
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